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Abstract

Background: PSEUDOMARKER is a software package that performs joint linkage and linkage disequilibrium
analysis between a marker and a putative disease locus.

Results: The new version 2.0 uses the software package NOMAD to maximize likelihoods, resulting in generally
comparable or better optima with many fewer evaluations of the likelihood functions.

Conclusions: After being modified substantially to use modern optimization methods, PSEUDOMARKER
version 2.0 is more robust and substantially faster than version 1.0. NOMAD may be useful in other

bioinformatics problems where complex likelihood functions are optimized.




Background

PSEUDOMARKER [1] is a package that genomically localizes trait-predisposing loci by performing
statistical tests using a putative disease locus and a series of markers. Typically, such packages either test
for cosegregation by descent of markers with a putative trait-predisposing locus within families (genetic
linkage), or test for differences in marker genotype frequencies between unrelated cases and controls
(linkage disequilibrium (LD)). With PSEUDOMARKER one can jointly analyze linkage and LD, or LD

conditional on linkage, using the pedigree relationships among individuals where known.

PSEUDOMARKER version 1 maximizes several likelihood functions [1] using a generalized pattern search
(GPS) algorithm [2] implemented in a custom version of the ILINK [3] program. Previously, we showed
that PSEUDOMARKER, using GPS likelihood estimates, performed well in detecting linkage and LD,
outperforming several competing genetic analysis programs as measured by the power or false positive

rate [4].

The running time of PSEUDOMARKER depends on the number of times the optimization algorithm
evaluates any likelihood function. Each evaluation involves computation over one or, often, several
pedigrees for fixed values of certain parameters that may include the recombination fraction and marker
allele frequencies. ILINK computes these likelihoods using a peeling method that is a generalization of the
Elston-Stewart algorithm [5]. Computation time is highly dependent on the pedigree structure and the

number of untyped founders.

A reduction in the number of likelihood function evaluations would allow more samples, larger and more
complex pedigrees, or a greater density of markers to be analyzed in a reasonable amount of time.
Although the GPS method [2] was more robust than the older line search method implemented in all
previous versions of ILINK, we decided that the number of likelihood evaluations might be reduced by

using instead a newer algorithm known to outperform GPS in some other optimization problems.

Mesh Adaptive Direct Search (MADS) [6] is a framework for a class of derivative-free algorithms designed
to supersede the GPS method. MADS is conceptually similar to GPS, but uses a richer set of search
directions, resulting in better theoretical convergence properties. The NOMAD software package [7] is a
high-quality, C4++ open-source implementation of MADS algorithms in use in universities and companies

around the world. [8-11] NOMAD is robust [12] and has a wide range of functionality, including handling



of general nonlinear constraints, biobjective optimization, parallelism, and the restriction of variables to

integer or boolean values. [13]

We describe PSEUDOMARKER 2.0, which uses a customized version of ILINK that uses NOMAD to
maximize likelihoods. We show that NOMAD is more effective at finding optima than GPS, while

requiring fewer evaluations of the likelihood function.

Implementation
PSEUDOMARKER

PSEUDOMARKER uses parametric inheritance models and exact likelihood computations to evaluate the
evidence for linkage and/or LD between a putative trait locus and a set of genotyped markers. When
applying extreme parametric models, it yields statistics that are stochastically equivalent to several
popular model-free methods if applied to simple family structures [14], for instance mother-father-child
triads, case-control samples, or affected sib-pairs. PSEUDOMARKER, however, has substantial

advantages over the simpler nonparametric methods when analyzing more complex family structures [4].

PSEUDOMARKER uses likelihood ratio tests to compare four models describing all possible combinations
of having or not having linkage and having or not having LD. Marker allele frequencies are parameters of
all four likelihood functions. For likelihoods allowing for LD, the marker allele frequencies are allowed to
vary conditional on which trait-locus allele is on the same haplotype. For likelihoods allowing for linkage,
the probability with which recombination occurs between trait and marker loci (the recombination

fraction) is a parameter. For each likelihood function, all parameters are estimated jointly.

Estimating the parameters is a nonlinear constrained optimization problem. ILINK uses the pedigree
structure, genomic data and the inheritance model to compute each likelihood function exactly as a
nonlinear function of its free parameters. Marker allele frequencies and conditional allele frequencies are
probabilities, and as such are constrained to lie between 0 and 1. Each set of frequencies must also sum to
1. The recombination fraction, if a parameter, is constrained to lie between the 0 and 0.5, because larger
values of the recombination fraction are not biologically meaningful; a recombination fraction of 0.5

between two loci indicates that the loci segregate independently.



NOMAD

NOMAD [7] implements several variants of the MADS framework for constrained derivative-free
optimization. In its usual mode, it searches for an optimum by generating trial points along orthogonal
directions starting from the incumbent best solution [15]. The set of directions used in this step is far
richer than the set of directions searched by GPS; formally, the set of normalized directions is dense in the
unit sphere. The use of such a rich set of search directions ensures stronger theoretical convergence
properties, and leads to a more efficient algorithm in practice [6]. The MADS framework is flexible enough
to allow the use of heuristics that investigate additional trial points to improve practical convergence.
Heuristics available in NOMAD include Variable Neighborhood Search (VNS) metaheuristic [16] and the
construction and exploration of quadratic models of the objective function and of the constraints. [12]. The
VNS metaheuristic was not used in our tests, but quadratic models are used by NOMAD in its default

mode, and were used in our tests.

To optimize likelihoods, NOMAD proposes to ILINK values for its free parameters, trial points in the
MADS framework. ILINK attempts to evaluate the likelihood function at these trial points. NOMAD
explicitly handles bound constaints, and so will not, for instance, suggest a negative probability. The
constraints that allele frequencies sum to 1 was handled by another of NOMAD’s features, the extreme
barrier approach. For any set of marker allele frequencies, one frequency may represented implicitly, its
value obtained by subtracting the sum of the other frequencies from 1. NOMAD is not aware of the
implicit frequencies. For a trial point suggested by NOMAD, it is possible for an implicit frequency to have
an infeasible value: a negative value or a value greater than one. In such a circumstance, the extreme
barrier takes effect. ILINK informs NOMAD that the trial point is infeasible, and NOMAD ignores the

point, effectively treating it as if it had an infinitly bad objective value.

ILINK was modified substantially to use NOMAD instead of GPS. The interface between
PSEUDOMARKER and ILINK was modified to enable better performance, but these changes do not
affect PSEUDOMARKER usage. NOMAD was run in a mode that uses 2n orthogonal search directions,
where n represents the number of optimization variables. NOMAD was stopped when the minimum poll
size, a NOMAD parameter, was less than le-4, indicating that for the next set of trial points, the largest

change to any parameter to the likelihood functions would be at most le-4.



Computational experiments

Table 1 gives a brief summary of the 12 datasets that we analyzed in this project. The datasets contained
both biallelic markers and multiallelic microsatellites. Table 2 shows pedigree statistics of the data sets;
more detailed statistics are shown in Additional file 1: Tables S1-S3. Pedigree, phenotype, and marker
statistics were computed using PedStats [17]. Simulated genotype data were generated using a modified
version of SLINK [18,19]; parameters used for the simulations are shown in Additional file 2: Tables S4
and S5.

Test problems were selected to include difficult cases, including such factors as real life pedigree structures,
realistic amounts of missing data, and large multi-generational families. The real datasets were from
Finnish gene mapping studies on which TH and JDT were collaborators [20,21], while the simulated data
sets were generated as part of the Ph.D. dissertation of TH, some of which have been analyzed in prior

publications [1,22].

Some data sets were observed to present difficult maximization problems for the GPS while the previous
version of the PSEUDOMARKER package was being developed. The x.linked test set [23] was particularly
interesting because it was x-linked, had multiple alleles, and most of the data were triads, and still

maximization was quite time-consuming.

All 12 sets were analyzed under assumptions of both the dominant and recessive extreme inheritance
models described in [14] and all four likelihood functions used by PSEUDOMARKER, testing for linkage
and/or LD. Six were also analyzed under more biologically plausible inheritance models. We optimized

likelihoods using either GPS as previously described [1] or NOMAD [7].

Results and Discussion

The numbers of likelihood function evaluations for each test set, summed over all markers, all models, and
all maximized likelihood functions, are shown in Table 3. NOMAD is superior in terms of function
evaluations to GPS on all test sets. As we discuss below, NOMAD is invoked somewhat differently from

GPS on the same optimization problems, which contributes to the improvement.

In preliminary tests, we observed NOMAD was more robust than GPS in finding an optimum (data not

shown). Because of this observation, we experimented with invoking NOMAD less often. For GPS, it was



often helpful to retry a given optimization problem, using the solution previously returned from GPS as
the new starting point because that would sometimes lead to the identification of a better likelihood value.
The purpose of these restarts is to encourage convergence to a global optimum, and to reduce the
probability that GPS would stall at a non-optimal point. The restarts were unnecessary with NOMAD.
Nor was it helpful to start NOMAD at several different initial estimates, as was done with GPS. The
counts in Table 3 are counts for invoking NOMAD once to solve each optimization problem, whereas GPS

was invoked as described in [1].

Despite the fewer calls to the optimization algorithm, the optimum returned by NOMAD was usually
better than the one from GPS. Of the 288 optimization problems we tried based on the 12 test sets,
NOMAD found an assignment to the variables that yielded a log likelihood that was at least 0.005 worse
than the value reported by GPS only seven times (see Table 4 and Additional file 3: Table S6). In contrast,
NOMAD reported 68 objective values better by at least 0.005 than the values reported by GPS. We
considered differences less than 0.005 in the log likelihood to be insubstantial, as such differences would
change log of the likelihood ratio by at most 0.01. NOMAD returned answers with objective value more
than 0.5 better than GPS 21 times, with the largest difference being 28, a shockingly large value. In

contrast, the most GPS improved the objective value over NOMAD was 0.1.

Conclusions

The new PSEUDOMARKER 2.0 has been released (see Availability and Requirements) and it uses
NOMAD [7] to maximize likelihoods. The new version usually provides better or comparable answers,
while using far fewer evaluations of the likelihood functions. Several of the most prominent developers of
pedigree analysis methods recognized decades ago that the optimization problems that arise in genetic
analysis of pedigrees can be difficult to solve and can benefit from new methods [24-26]. We have shown in
this study that MADS methods are more effective than previous methods on the optimization problems
that arise in usage of PSEUDOMARKER [1]. We suggest therefore, that NOMAD may be useful in other

mathematical optimization problems arising in genetics.

Availability and Requirements
Project name: PSEUDOMARKER 2.0

Project home page: http://www.helsinki.fi/~tsjuntun/pseudomarker/2.0/



Operating system(s): GNU/Linux Intel 64-bit archetecture

Programming language: C and C++

Other requirements: none

License: PSEUDOMARKER is a binary distribution with registration required. (Referees may obtain a
copy of PSEUDOMARKER from this site without registration.) NOMAD is distributed with
PSEUDOMARKER under terms of the LGPL 3.0.

Any restrictions to use by non-academics: no
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Tables and captions
Table 1 - Summary of all data sets

Test set Description Reference
finl Familial combined hyperlipidemia pedigrees from | Pajukanta et al. [27]
Finland
fin2 Migraine pedigrees from Finland Wessman et al. [20], Kaunisto et
al. [28], Hiekkalinna et al. [4]
fin3 A sub set of the Migraine families (different phe- | Tikka-Kleemola et al. [29]
notype and genotyped individuals than on data
set fin2)
find Schizophrenia families from Finland Ekelund et al. [21], Hiekkalinna et
al. [4]
finb Same as finl, but with multiallelic markers
fin6 Same as finl, but with highly polymorphic marker
x.linked Extended pedigrees and triads from northern Fin- | Karjalainen et al. [23]
land with real X-chromosomal marker data
100sibs Artificial sib-pair pedigrees Hiekkalinna [22
100sibs.c | Artificial sib-pair pedigrees with additional cases | Hiekkalinna [22
100sibs.cc | Artificial sib-pair pedigrees with additional cases | Hiekkalinna [22]
and controls
mixed Various size artificial pedigrees (triads, sib-pairs, | Hiekkalinna [22]
and extended pedigrees)
noparents | Artificial affected sib-pairs with no parental geno- | Hiekkalinna [22]
types

Table 2 - Data set properties

Data set Pedigrees | Average Singleton | Singleton | Number of | Maxium
pedigree size | Cases Controls Markers Alleles/Marker
finl 61 15.33 200 200 3 2
fin2 84 13.08 200 200 3 2
fin3 37 13.24 100 100 4 4
find 438 5.79 0 199 3 2
finb 61 15.33 200 200 4 8
fin6 61 15.33 200 200 1 18
x.linked 482 3.17 112 203 1 20
100sibs 100 4.00 0 0 1 3
100sibs.c 100 4.00 200 0 1 3
100sibs.cc 100 4.00 200 200 1 3
mixed 180 5.22 0 50 6 3
noparents 200 4.50 100 100 2 4
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Table 3 - Number of function evaluations used by GPS and NOMAD

Test Set GPS | NOMAD | Test Set GPS | NOMAD
finl 7,650 3,342 | 100sibs 10,003 3,933
fin2 7,430 3,341 | 100sibs.c 10,891 3,240
fin3 81,887 10,765 | 100sibs.cc 7,137 2,811
fin4 8,460 3,250 | mixed 39,522 12,278
finb 83,272 32,662 | noparents 34,590 9,143
fin6 284,069 96,626 | x.linked 470,517 140,986

Table 4 - Changes in objective function

Count of changes in the objective function more extreme than the indicated number. Positive changes

indicate that NOMAD found the better objective value.

Data set <—-05 | <£-0.06 | £-0.005| >0.0056 | >0.05 | >0.5
fin3 0 0 0 23 15 8
find 0 1 1 0 0 0
finb 0 0 0 20 13 7
fin6 0 0 0 8 4 2
x.linked 0 2 6 4 4 1
mixed 0 0 0 2 2 2
noparents 0 0 0 11 7 1

Additional Files
Additional file 1 — test_set_statistics.pdf

Contains Tables S1-S3, showing statistical information about the test sets.

Additional file 2 — simulation_parameters.pdf

Contains Tables S4-S5, showing parameters used to generate the simulated genotypes in the test sets.

Additional file 3 — objective_values.pdf

Contains Table S6, showing differences in the objective value computed by GPS and by NOMAD.
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